The mechanism of FtsW-mediated Lipid II transport across the bacterial cytoplasmic membrane is unknown. Results: Transmembrane segment 4 and particularly two charged residues are required for the transport of Lipid II as well as a maximal size of the substrate. Conclusion: Lipid II is specifically transported possibly through a porelike structure. Significance: Elucidating how FtsW acts is crucial for understanding how lipid flippases function in general.
Synthesis of biogenic membranes requires transbilayer movement of lipid-linked sugar molecules. This biological process,
which is fundamental in prokaryotic cells, remains as yet not clearly understood. In order to obtain insights into the molecular basis of its mode of action, we analyzed the structure-function relationship between Lipid II, the important building block of the bacterial cell wall, and its inner membrane-localized transporter FtsW. Here, we show that the predicted transmembrane helix 4 of Escherichia coli FtsW (this protein consists of 10 predicted transmembrane segments) is required for the transport activity of the protein. We have identified two charged residues (Arg 145 and Lys 153 ) within this segment that are specifically involved in the flipping of Lipid II. Mutating these two amino acids to uncharged ones affected the transport activity of FtsW. This was consistent with loss of in vivo activity of the mutants, as manifested by their inability to complement a temperature-sensitive strain of FtsW. The transport activity of FtsW could be inhibited with a Lipid II variant having an additional size of 420 Da. Reducing the size of this analog by about 274 Da resulted in the resumption of the transport activity of FtsW. This suggests that the integral membrane protein FtsW forms a size-restricted porelike structure, which accommodates Lipid II during transport across the bacterial cytoplasmic membrane.
To successfully produce two identical daughter cells, most bacteria have to undergo at least two fundamental processes during their growth: cell wall synthesis and cell division. The cell wall or peptidoglycan layer is unique to bacteria, and therefore each step in its synthesis is a potentially important target for antibiotic development. In rod-shaped bacteria, cell wall synthesis comprises three main steps: (i) the synthesis of soluble precursors in the cytoplasm, (ii) assembly and translocation of the finale cell wall precursor Lipid II across the membrane, and (iii) the transglycosylation and transpeptidation of the lipid-linked precursor on the exterior side of the membrane (for a recent review, see Ref. 1) . The study of the translocation step has been the subject of several endeavors. In this respect, one of the proteins, the cell division protein FtsW, responsible for the translocation of the building block (i.e. Lipid II) across the cytoplasmic membrane was recently identified (2) . In view of this advance, the interesting outstanding question regarding the mode of action of this transporter arises. FtsW is essential, is conserved among almost all eubacteria that synthesize a peptidoglycan cell wall, and has no counterpart in humans. Therefore, this protein not only represents a potential new target for antibiotics, but it may be considered as an important model for understanding how energyindependent flippases (membrane proteins that facilitate energyindependent bidirectional transmembrane movement of lipids) interact with and transport their substrates.
FtsW is an integral membrane protein predicted to have 10 transmembrane (TM) 2 domains (3). To date, no structural evidence has been reported with regard to the exact mechanism of FtsW function. However, a functional analysis of this protein in the model organism Escherichia coli performed by Pastoret et al. (4) , revealed invaluable information about the possible role of various segments of the protein. These authors have shown that the periplasmic loop between TM9 and TM10 is required for the septal localization of penicillin-binding protein 3 (PBP3). A direct interaction between FtsW and PBP3 in vivo and in vitro was recently established (5) . In addition, TM9 and TM10 appeared to be involved in the interaction between FtsW and PBP1B. The amino acids in segment Glu 240 -Ala 249 of the periplasmic loop between TM7 and TM8 are indispensable for the participation of FtsW in the septal peptidoglycan assembly, whereas the first fragment (from amino acid residue 1 to 75) is involved in the interaction with FtsQ (TM3 and TM4) (6) . Although it is important to gain a better understanding of the potential function of different regions, the function of the protein at the biochemical level, in particular how it accomplishes its role as a transporter, remains obscure. In this study, a structure-function analysis was undertaken in order to obtain insights into the molecular and cellular details of the transport process of Lipid II. We focused on important TMs of FtsW and residues therein and addressed the substrate specificity of FtsW with respect to the size of the substrate and whether phospholipids are also substrates for transport activity of this protein.
Using FtsW mutants, a detailed exploration of which protein segments and amino acid residues contribute to Lipid II transport was performed. As assayed by the ability of each mutant to transport a fluorescent Lipid II analog in the reconstituted system described previously (2) , it was demonstrated that the predicted TM4 is important for the transport activity of FtsW. Importantly, this segment contains the charged residues Arg 145 and Lys 153 , which were found to be specifically needed for FtsW function as a transporter. Analyses of the importance of the size of the Lipid II headgroup suggests that the transport by FtsW possibly occurs through a porelike structure with a limited size that is able to accommodate Lipid II during passage across the cytoplasmic membrane.
MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The strains and plasmids used in this study are listed in Table  1 . All Escherichia coli strains were grown at various temperatures (28, 37, or 42°C) in LB medium containing 10 g of bactotryptone, 5 g of yeast extract, and 10 g of NaCl per liter or TY (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl per liter, pH 7.0). Where appropriate, kanamycin or ampicillin was added to media at a final concentration of 50 or 100 g/ml, respectively.
Absorbance was measured at 600 nm with a Helios Epsilon spectrophotometer (Thermo Scientific) or with a Biochrom Libra S70 spectrophotometer (Biochrom).
Generation of Transmembrane Segment ftsW Mutants
Several constructs have been designed where FtsW systematically lacks various TM segments. Mutants of FtsW were generated that carry a single mutation where the respective amino acid codon is changed in a TAG stop codon (see Fig. 1 ). For this, plasmid pDML2400 (described by Pastoret et al. (4) ) bearing the wild-type ftsW gene was used as a template for site-directed mutagenesis using the QuikChange site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer's recommendations. The primers for each specific site are listed in Table 2 . The mutated genes were confirmed by DNA sequencing.
Amino acids substitutions in TM4 were made following the same procedure for site-directed mutagenesis as described above. To construct the mutant R145A, where arginine was changed in alanine, the primer pair 5Ј-GATCGATCTCGGTT-TGCTGGCTATCCAGCCTGCGGAGGCTG-3Ј and 5Ј-CAG-CTCCGCAGGCTGGATAGCCAGCAAACCGAGATCG-ATC-3Ј was used. For the mutant K153N where lysine was mutated to asparagine, the primers 5Ј-GCGGAGCTGACAAAT-CTGTCGCTGTTTTG-3Ј and 5Ј-CAAAACAGCGACAGAT-TTGTCAGCTCCGC-3Ј were employed (mutated bases are in boldface type). The triple alanine substitutions in TM4a were generated with the primers 5Ј-AAACAGCGACAGTTTAGC-GGCCGCCGCAGGCTGGATACG-3Ј and 5Ј-GAGACCAC-ATGGTCCTTCTTGAG-3Ј. To create three alanine substitutions in TM4b, the primer pair 5Ј-GGCGATATAGCAAAAA-GCGGCCGCTTTTGTCAGCTCCGC-3Ј and 5Ј-GAGACCA-CATGGTCCTTCTTGAG-3Ј was used. For these two triple alanine mutants, pDSW311 (7) was used as template.
Generation of GFP-FtsW Fusions
To study localization of FtsW, GFP fusions to this protein and its derivatives were needed (because an antibody against FtsW was not available). Wild-type ftsW and substitution 
mutants with restriction sites for EcoRI and HindIII were obtained by PCR using the primers 5Ј-CACGAATTCAACAA-CAACCGTTTATCTCTCCCTCGCCTGAAAATGC-3Ј and 5Ј-GCCGCAAGCTTATCATCGTGAACCTC-3Ј (sites underlined) and the plasmid pDML2400 as template. The PCR products were digested with EcoRI and HindIII and ligated into the same sites of the gfp fusion vector pDSW311 (a gift from David Weiss). In this vector, GFP is fused to the N terminus of FtsW. The resulting construct allowed expression of this gfp-ftsW fusion under control of a weak IPTG-regulated trc promoter (7) .
The localization of the GFP-FtsW fusions was assessed in the wild-type E. coli strain LMC500. To this end, transformants were cultured overnight at 28°C in TY supplemented with 100 g/ml ampicillin and 0.5% glucose (to suppress the expression of the plasmids). Thereafter, the cells were diluted 1:500 in the same medium without glucose and cultured to an A 600 of 0.15. To one part of the culture, 10 M IPTG was then added. After 1.5 h of induction, the cells were fixed in 2.8% formaldehyde and 0.04% glutaraldehyde in growth medium (with agitation) for 15 min at room temperature (8) .
Complementation Assay
The complementation assay was performed as described before (4) using E. coli JLB17. This temperature-sensitive strain of ftsW was characterized previously by Pastoret et al. (4) . Constructs containing the wild type or substitution mutants of FtsW (the mutants lacking various segments of FtsW could not be tested in vivo because they are involved in several interac-tions with other proteins as described above) were cloned in pTrc99A vector and transformed to JLB17. The transformants were grown overnight at 28°C in TY without NaCl supplemented with 0.5% glucose and 20 mg of thymine/liter. The culture was then diluted 1:50 in medium without glucose and grown to A 600 of 0.3. Next, the culture was diluted 1:25 in prewarmed medium at 28 and 42°C and grown at this temperature for an additional 2.5 h.
Immunofluorescence Microscopy
For GFP fluorescence, the cells were first immobilized on 1% agarose following the procedure described by Koppelman et al. (9) . Images in the phase-contrast mode or with the GFP filter (U-MNB filter cube with a 470 -490-nm band pass excitation filter and a 515-nm long pass emission filter) were obtained using an Olympus BX-60 fluorescence microscope, equipped with a CoolSnap fx (Photometrics) CCD camera through an UPLANFL ϫ100/1.3 numerical aperture oil objective (Japan). Both images (in the phase-contrast mode and fluorescence) were hyperstacked, and the length and diameter of the cells were determined from the phase-contrast images, and the localization and intensity of the fluorescence signal was analyzed in the fluorescence images of the bacteria using the public domain program Coli-Inspector written by Norbert Vischer (University of Amsterdam), which is based on ImageJ by Wayne Rasband (National Institutes of Health). The map of fluorescence profiles shows all of the measured cells sorted according to length and, for each bacterium, the distribution of the fluorescence along its length axis (10) .
Protein Purification
The expression and purification of different His-tagged proteins were performed as described before (2) . The constructs for expression of wild type and mutant (different domains of FtsW or substitution mutants) FtsW proteins were transformed to C43 (DE3) cells and purified by nickel affinity chromatography by previously established procedures (2) .
Dithionite Reduction Assay
Phospholipids and Bacterial Cell Wall Precursors-Phospholipids and analogues thereof labeled with 7-nitro-2,1,3-benzoxadiazol-4-yl (NBD)-chloride (NBD-PL) were purchased from Avanti Polar Lipids (Alabaster, AL). Stock solutions were prepared in chloroform/methanol (1:1, v/v) and stored under nitrogen at Ϫ20°C. Phospholipids concentration was determined with a lipid phosphorus assay according to Rouser et al. (11) . The synthesis and purification of the cell wall precursor NBD-labeled Lipid II was performed as described before (12, 13) . All other chemicals were obtained from Sigma.
General Procedure for the Synthesis of NBD-Amino Acid-Alkyne (Compounds I-III)-First, 1.4 mmol of the respective amino acid (500 mg of H-Cys(trityl)-OH or 124 mg of alanine) was dissolved in 40 ml of MeOH/water (1:1, v/v). This was followed by the addition of 3 mmol of NBD-Cl in small portions, and finally 3.5 ml of a 1 M NaOH solution was added. The reaction was stirred for 3 h at room temperature, after which 200 ml of CH 2 Cl 2 was added as well as 7 ml of 1 M HCl, and the mixture was washed five times with brine. The CH 2 Cl 2 was evaporated off, and the resulting residue was used without further purification in the next step (yield, ϳ50 -60%).
The residue was dissolved in 40 ml of CH 2 Cl 2 , and 1 mmol of (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate, 1.2 mmol of diisopropylethylamine, and 1.2 mmol of propargyl amine or N-(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)pent-4-ynamide were added, and the reaction mixture was stirred overnight at room temperature. The CH 2 Cl 2 was removed in vacuo, and EtOAc was added (75 ml). The solution was washed with 1 M KHSO 4 (2 ϫ 50 ml), saturated NaHCO 3 (2 ϫ 50 ml), and brine (2 ϫ 50 ml) and dried over Na 2 SO 4(s) . The solvent was removed in vacuo, and the residue was purified using flash chromatography on silica with solvents 4:6 EtOAc/hexane or EtOAc for the reaction with propargylamine or with the alkyne-polyethylene glycol (PEG)-amine spacer, respectively. Calculated compound I C 31 H 25 The alkyne-modified PEG amine linker (in analog 2) was prepared as described previously (14) . Briefly, mono-Boc protection of 4,7,10-trioxa-1,13-tridecanediamine was carried out as detailed before (15), after which 4-pentynoic acid was coupled (14) . Removal of the Boc group was accomplished using standard conditions (1:1 trifluoroacetic acid/dichloromethane, 1 h) to provide the TFA salt of the desired product as a light yellow oil that was used directly.
Conversion of the Lysine Form of Lipid II into the Azidolysine Form-Lipid II (lysine form, 1 mol) purified as described earlier (12) was dissolved in 2 ml of water containing 1 mM CuSO 4 and 0.5% Triton X-100 (w/v). Subsequently, 10 mol of imidazole-1-sulfonyl azide hydrochloride (20) was added, followed by 20 mol of diisopropylethylamine. Complete conversion could be observed after 4 h, upon which the reaction mixture was extracted with 4 ml of butanol, 6 M pyridine acetate, pH 4.2; the butanol phase was applied to a DEAE-cellulose column (1 ϫ 2.5 cm, height/diameter); and the azido-Lipid II was purified as described (12) and stored at Ϫ20°C in chloroform/methanol (1:1, v/v) until use. A, TM5-TM10 are not essential for the transport of NBD-Lipid II. Mutants lacking various segments of FtsW were assessed for transport activity using the dithionite reduction assay. As described under "Materials and Methods," this was achieved by reconstitution of the purified proteins into LUVs containing NBD-Lipid II symmetrically distributed between inner and outer leaflets of the bilayer. After solubilization with Triton X-100, LUVs were reconstituted with no protein, the control protein KcsA, or FtsW. After the addition of dithionite (1), a reduction of almost 50% of the fluorescence signal is observed in protein-free vesicles and proteoliposomes containing KcsA. On the contrary, about 70% quenching is detectable when vesicles containing wild type FtsW or FtsW lacking TM10 or TM7-TM10 or TM5-TM10 were assayed. When 0.1% Triton X-100 was added (2) to permeabilize the model membranes, a complete quenching of all of the fluorescence is attained. B, TM4 is involved in the transport of NBD-Lipid II. FtsW lacking TM4 -TM10 displayed the same effect as the controls (LUVs with no protein or with KcsA) with regard to the extent of quenching by dithionite. All measurements were carried out at 20°C and are representative of at least three independent experiments. A.U., arbitrary units.
General Procedure for Labeling Azido-Lipid II via Click
Chemistry-Azido-Lipid II (0.5 mol) was dissolved in either 2 ml of 10 mM Tris-HCl, pH 7.5, containing 0.1% Triton X-100 or 2 ml of methanol, depending on the solubility of the alkynecontaining compound to be coupled (alkyne label). This was followed by the addition of 2 mM CuSO 4 (final concentration) and 1.2 eq of alkyne label. The reaction was started by the addition of 1 mM sodium ascorbate, and the reaction was stirred for 4 h or until completion of the reaction (this can be confirmed by the absence of azido-Lipid II, m/z 950 [M Ϫ 2H] 2Ϫ in a mass spectrum). Each hour, an additional amount (again 1 mM) of sodium ascorbate was added to the reaction. When buffer was used, the reaction mixture was then extracted with 4 ml of butanol, 6 M pyridine acetate, pH 4.2, and the labeled Lipid II was purified as described above. When methanol was used, this was first evaporated in vacuo, followed by the addition of 2 ml of water, and then extracted and purified as outlined above.
Preparation of Proteoliposomes-Large unilamellar vesicles (LUVs) containing fluorescently labeled Lipid II/phospholipids were prepared. This was achieved by mixing 60 mol % 1,2dioleoyl-sn-glycero-3-phosphocholine, 25 mol % 1,2-dioleoylsn-glycero-3-phosphoethanolamine, 15 mol % 1,2-dioleoylsn-glycero-3-phosphoglycerol from stock solutions. For the incorporation of Lipid II/labeled phospholipid, 0.1 mol % NBD-Lipid II/NBD-PL was added to the mixture. Lipids were dried by nitrogen stream, followed by vacuum desiccation for 2 h. The lipid films were hydrated with a buffer containing 10 mM Hepes-KOH, pH 8.0, 100 mM NaCl, 5 mM KCl, and 1 mM MgSO 4 to a lipid phosphate concentration of ϳ5 mM. The vesicle's suspension was then subjected to 10 cycles of freezing and thawing. Subsequently, unilamellar vesicles were formed by manually extruding the suspension 10 times through 200-nm membrane filters (Anotop 10, Whatman, Maidstone, UK).
Reconstitution of Proteins into Proteoliposomes-For reconstitution experiments, 350 l of LUVs (5 mM lipid phosphate) were first solubilized with 8 mM Triton X-100, followed by the addition of a purified protein. The final concentration of the proteins was adjusted to a protein/phospholipid molar ratio of ϳ1:20,000. This was followed by incubation with gentle agitation for 1 h at 4°C. Samples were then supplemented with 100 mg/ml Bio-Beads SM-2 adsorbent (Bio-Rad) to remove the detergent. After 2 h of incubation at 4°C, another 100 mg/ml fresh Bio-Beads suspension was added to the micelle solution, and a second incubation overnight at 4°C was undertaken. Thereafter, a third incubation with 100 mg/ml fresh Bio-Beads was performed for 2 h. Subsequently, the vesicles were collected by ultracentrifugation at 435,000 ϫ g for 30 min and resus-pended in 200 l of 10 mM Hepes-KOH, pH 8, 100 mM NaCl, 5 mM KCl, and 1 mM MgSO 4 .
Fluorescence Measurement-The in-to-out translocation of NBD-Lipid II/phospholipid in LUVs and proteoliposomes was measured by determining the percentage of NBD fluorescence that is not available for reduction by 8 mM sodium dithionite, added from a 1 M stock solution in 1 M Tris, pH 11. After Fig. 1 for the putative topology model) did not alter the transport activity of FtsW. The assay was carried out as detailed in the legend to Fig. 2 . All measurements were performed at 20°C and are representative of at least three independent experiments. A.U., arbitrary units. quenching, 10 l of a 10% (w/v) solution of Triton X-100 in water was added to permeabilize the membrane and make all remaining NBD label available for dithionite reduction. Measurements were performed at 20°C in 1 ml of buffer in a quartz cuvette using an SLM Aminco SPF 500C fluorimeter. The excitation and emission wavelengths were adjusted to 481 and 534 nm, respectively.
RESULTS
TM4 Is Required for the Transport Activity of FtsW-To
determine which segments of the transporter are important for the flipping of Lipid II across the bacterial membrane, mutants lacking TM segments of E. coli FtsW were generated (segments were chosen based on the findings published in Ref. 4) and are described above; they were shown to be important for interaction with proteins involved in cell division or cell wall synthesis. The TM mutants were obtained by incorporation of TAG stop codons at specific sites ( Fig. 1 ) using site-directed mutagenesis. The mutants were then assessed for their ability to facilitate the transbilayer movement of Lipid II. To this end, truncated forms of FtsW were purified and reconstituted into LUVs containing NBD-Lipid II. Transport of NBD-Lipid II from the inner to the outer leaflet of the vesicles was monitored using the validated dithionite reduction assay (2) . This assay is based on specific quenching of the fluorescence of NBD-Lipid II by the membrane-impermeable reductant dithionite. As depicted in Fig.  2A , the addition of dithionite resulted in quenching of about 50% of the fluorescent signal in LUVs without any protein or containing the control integral membrane protein KcsA. This corresponds to the NBD-Lipid II present in the outer leaflet of the vesicles (NBD-Lipid II in the inner leaflet is protected from quenching by dithionite). Thus, the addition of dithionite results in the rapid conversion of the NBD-Lipid II present in the outer leaflet to the non-fluorescent ABD-Lipid II. This generates a concentration gradient, which can be the driving force for transport. In the presence of wild type FtsW, this quenching increased to almost 70%, reflecting that only 30% of the NBD-Lipid II remained inaccessible to dithionite and thus suggesting transbilayer movement of NBD-Lipid II, reproducing our earlier results (2) . Vesicles containing FtsW derived from the mutant lacking TM10, TM7-TM10, or TM5-TM10 showed about 65% quenching of fluorescence upon reduction by dithionite, indicating the translocation of NBD-Lipid II from the inner to the outer leaflet of the bilayer. This implies that the transmembrane segments 5-10 are not essential for the transport activity of FtsW in our assay.
When the mutant lacking TM4 -TM10 was tested, the extent of quenching by dithionite was similar (about 50% reduction in fluorescence of NBD-Lipid II) to that of the control LUVs without any protein or reconstituted with KcsA (Fig. 2B) . Thus, the transbilayer movement of NBD-Lipid II did not take place, which suggests that TM4 is necessary for the flipping activity of FtsW. FIGURE 5 . A, localization of GFP-FtsW fusions in wild-type E. coli LMC500. The constructs containing wild type ftsW and the substitution mutants fused to the C terminus of mut2gfp were transformed to LMC500 and grown at 28°C in TY medium as described under "Materials and Methods." The expression of the proteins was induced with 10 M IPTG for 90 min. Each panel consists of (from left to right) a phase-contrast image, a GFP fluorescence image, and a map of fluorescence profiles of 500-1000 cells. Scale bar, 5 m. B, complementation assay of wild-type FtsW and substitution mutants in strain JLB17. The plasmids containing wild type ftsW and the substitution mutants were transformed to JLB17FtsW(Ts) and grown at 28 or 42°C in TY medium without salt supplemented with thymine as described under "Materials and Methods." The cells were imaged by phase-contrast microscopy. The image of the FtsW(Ts) cells expressing wild-type FtsW at 42°C is a composite image to show that in this culture also some filaments were present. Note that the JLB17FtsW(Ts) cells expressing FtsWK153N are thinner than the cells expressing WT FtsW or FtsWR145A. Scale bar, 10 m.
An important observation regarding the TM4 is that it contains charged amino acids. These may be important for the interaction with Lipid II (given its negative charge) and hence the transport activity of FtsW.
Charged Residues within TM4, Arg 145 and Lys 153 , Are Crucial for Flippase Function of FtsW-To assess whether the charged amino acids in TM4 are required for the flippase function of FtsW, the residues Arg 145 and Lys 153 (the latter is conserved among most bacteria; see Fig. 3 ) were changed to neutral or uncharged amino acids, and the resulting mutants were assessed for their ability to facilitate transport of Lipid II. Purified FtsW from the mutant where Arg 145 was mutated to and the mutant where Lys 153 was replaced by asparagine was reconstituted in vesicles with NBD-Lipid II and assayed in the dithionite reduction test. Alteration of the charge via substitutions R145A and K153N resulted in loss of transport activity of FtsW (Fig. 4A) , demonstrating the requirement of these residues for the flippase function of the protein. Moreover, the assay was performed with two additional mutants, where three consecutive alanine substitutions in the middle of TM4 were made (Fig.  1) . In TM4a, triple alanine substitutions of the amino acids Glu 150 , Leu 151 , and Thr 152 were made. In TM4b, the amino acids Leu 154 , Ser 155 , and Leu 156 were substituted. The ability of these FtsW mutants to transport Lipid II was not affected (Fig.  4B) . These uncharged amino acids in addition to the negatively charged Glu 150 seem therefore not to be required for the translocation of Lipid II.
Changing the Residue Arg 145 to Ala or Substitution of Lys 153 with Asn Affected the in Vivo Activity of the FtsW Protein-FtsW has been reported to localize to the septum (16) . The effect of the charge substitution in FtsW mutants on the arrangement of the protein at the division site was assessed using the wild-type strain E. coli LMC500. FtsW and its deriv- atives were fused to the C-terminal end of the GFP and placed under the control of a weakened IPTG-inducible trc promoter. Cellular localization of FtsW in LMC500 transformants expressing the GFP-FtsW WT, GFP-FtsWR145A, and GFP-FtsWK153N grown at 28°C in TY medium was examined by immunofluorescence microscopy. All of these GFP protein fusions were shown to target the division site (Fig. 5A) . The map of fluorescence profiles also shows the presence of fluorescence signal at the septum. Thus, the mutations did not affect the localization of the protein at mid-cell, suggesting that (at least) those parts of FtsW that are involved in interactions with other proteins within the divisome are correctly folded and inserted in the membrane.
To assess the mutants for complementation of the E. coli JLB17 (this FtsW temperature-sensitive (Ts) strain produces FtsW G311D that is not functional at the restrictive temperature of 42°C (4), the constructs were first cloned in the pTrc99A vector (to ensure low expression to closely reflect the wild-type situation) and then transformed to the Ts strain. E. coli JLB17 cells producing FtsW R145A have proven very difficult to obtain; attempts to transform these cells with the target construct often failed or the cells reverted to the wild type genotype or contained other (suppressor) mutations. When the transformation was successful, the cells displayed normal rodshaped morphology (some elongated cells were also visible) as the wild type at 28°C but were not able to complement the II analogues 1, 2, and 3, respectively . These NBD-amino acid-alkyne compounds were designed and labeled as described under "Materials and Methods." The NBD group is drawn in green. The cysteine (trityl) backbone is highlighted in orange. The PEG linker in compound II is highlighted in blue, and the Ala backbone in compound III is marked in red. ftsW(Ts) at 42°C (Fig. 5B ). This same result was attained in the presence of 10 M IPTG (overproduction of FtsW and its derivatives). Elevated production of wild type FtsW or its derivatives resulted in inhibition of cell growth, which is consistent with the observations reported before (17) . The cells expressing FtsW K153N displayed a dominant negative effect because they exhibited filamentous growth at the permissive temperature, denoting that the protein was able to compete with the Ts mutation for localization and prevented it from being functional at 28°C. At 42°C, this mutant showed the same morphology, indicating that it cannot complement ftsW(Ts) at this temperature. Altogether, these two substitution mutations did not affect the localization activity of FtsW but altered another essential function, which is consistent with the impairment of the Lipid II transport activity and subsequently the synthesis of the cell wall. To further explore the specificity of FtsW for its substrate Lipid II, the effect of both the wild type and these mutants was assessed on the transport of NBD-PL.
Arg 145 and Lys 153 Are Not Important for the Transport of NBD-PL-The E. coli membranes contain about 70 -80% phosphatidylethanolamine (PE), 20 -25% phosphatidylglycerol (PG), and 5% cardiolipin. The transport assay was performed with vesicles containing NBD-PE or NBD-PG, where the NBD fluorophore was linked to the fatty acid chain of the phospholipids. Interestingly, wild-type FtsW was shown to allow the equilibration of NBD-PE and NBD-PG between the two leaflets FIGURE 9. Structures of Lipid II analogues used in this study. The analogues were synthesized as described under "Materials and Methods." In these analogues, the NBD fluorophore is highlighted in green. The cysteine (trityl) backbone in analog 1 and 2 is marked in orange. The PEG linker in analog 2 is highlighted in blue, and the Ala backbone in analog 3 is marked in red.
of the model membrane bilayer (Fig. 6 ). This capability of FtsW supports the previous postulation that cell wall synthesis depends on ongoing phospholipid synthesis (18) .
This phospholipid transport activity of FtsW was not affected by the substitutions R145A and K153N (Fig. 7, A and  B) . To establish whether there is any headgroup specificity, the effect of these mutants was additionally assessed on the transport of NBD-phosphatidylcholine (PC) (PC is not present in the E. coli membranes). With these substitutions, FtsW was still able to transport NBD-PC (Fig. 7C ). This means that these residues are not required for the transport of NBD-PL but are specifically involved in the flipping activity of NBD-Lipid II. This suggests that phospholipids are transported by a different mechanism than Lipid II.
Transport of Lipid II by FtsW Seems to Occur through a Pore Mechanism-The transport process was demonstrated to occur rapidly and independent of any metabolic energy (2, 13) , pointing to a facilitated diffusion mechanism where FtsW facilitates the movement of Lipid II between the two leaflets of the bacterial cytoplasmic membrane. In view of this and the present observations, a pore-mediated mechanism of transport is likely. To test this hypothesis, Lipid II analogues with different sizes were designed to determine the size of the putative pore that could allow the transport of Lipid II.
To ascertain larger flexibility in obtaining Lipid II analogues with variable sizes, it was first tested whether Lipid II was amenable to click chemistry-based approaches. For this, conversion of the ⑀-amino group of the lysine of Lipid II to an azide using the diazotransfer reagent imidazole-1-sulfonyl azide (19) was intended. A 10-fold excess of this reagent could fully convert the amine form of Lipid II into the azide form in 1 h, which caused a shift of Lipid II on thin layer chromatography (TLC) to a higher R f value (data not shown). This azido form of Lipid II can be readily used in (copper-catalyzed) click reaction in buffers or methanol.
Initially, we attempted to determine the "pore size" of FtsW by following a strategy analogous to that reported on by Bonardi et al. (20) , where rigid spherical molecules, linked to the precursor pro-OmpA via maleimide chemistry, were used to probe the size of the SecYEG protein channel (20) . A similar approach using the same rigid molecules would require a thiol group on Lipid II. Therefore, a trityl-protected cysteine carrying an NBD group as well as an alkyne group (Fig. 8 , compound I) was synthesized that can be coupled to the azido-Lipid II. This would allow in a later stage (after removal of the trityl group) the linking of the rigid spherical molecules via maleimide chemistry. This group was "clicked" to Lipid II and purified. FtsW was then tested for its ability to transport this Lipid II analog (analog 1; Fig. 9 ). Noticeably, FtsW was not able to facilitate the transbilayer movement of analog 1 (Fig. 10A) , suggesting that the attached group was too large to be transported. Next, to confer more flexibility to this variant, a PEG linker between the stem peptide and the NBD-labeled protected cysteine was introduced (analog 2; Fig. 9 ). Interestingly, analog 2 could be transported by FtsW (Fig. 10B ). This signifies that FtsW has a restricted "pore size" through which Lipid II can be transported, whereas flexible attachments, such as a pentaglycine, are tolerated. To further probe the pore size of FtsW, a third analog that was synthesized from an alanine as basal structure was generated. This analog lacks the trityl-protected thiol group (274-Da difference, analog 3; Fig. 9 ). FtsW allowed the passage of analog 3 (Fig. 10C ). Together, these results indicate that accommodation of structures by FtsW requires a maximal size (and a defined shape), which is suggestive of a porelike model of transport. 
DISCUSSION
To date, structural information to dissect the function of the FtsW protein as a flippase is lacking. Using our (previously described) reconstituted system, we were able to explore important questions in the transport process of the cell wall precursor Lipid II across the bacterial cytoplasmic membrane; we aimed to (i) identify residues that are required for the transport activity of FtsW and (ii) obtain insights into the nature of the "flipping device" that allows transbilayer movement of Lipid II.
To address the first question and to establish the potential functional importance of various segments of FtsW, different mutants (lacking defined transmembrane segments) were generated, and their effect on the transport of NBD-Lipid II was assessed. Using biochemical reconstitution, we demonstrated that the predicted TM4 is essential for the transport activity of FtsW. This segment was shown to be specifically required for the translocation of Lipid II because the truncated form lacking this domain of the protein was not affected in its ability to facilitate the transbilayer movement of NBD-phospholipids (see below). The essentiality of TM4 in the transport of Lipid II is not completely surprising because this domain contains positively charged residues that could be important for the interaction with the highly negatively charged Lipid II. Within TM4, we identified two charged residues, Arg 145 and Lys 153 , that are specifically involved in the translocation of Lipid II. Changing these charged amino acids to uncharged ones resulted in abrogation of the Lipid II transport activity of FtsW. Interestingly, these substitution mutants were altered in their in vivo activity. Although FtsWR145A and FtsWK153N were able to localize at the division site like the wild type FtsW, the mutants were unable to complement a temperature-sensitive FtsW mutant strain. This indicates that (i) the mutants are correctly folded and inserted into the membrane, and (ii) the mutant proteins are impaired in cell wall assembly, consistent with their loss of transport activity.
During membrane biogenesis, newly synthesized phospholipids at the cytoplasmic side of the membrane must be transported to the exterior side to equilibrate between the two leaf-lets. This rapid process, essential to maintain bacterial growth, is expected to be mediated by a dedicated membrane protein(s). To assess whether FtsW promotes this route and to further explore the specificity of this protein in flipping Lipid II, we assayed its effect on the transport of NBD-PL. FtsW was capable of facilitating the transmembrane movement of phospholipids (NBD-PE, NBD-PG, and NBD-PC) without displaying any headgroup specificity. The ability of FtsW to transport phospholipids is in agreement with a previous report where the dependence of E. coli peptidoglycan cell wall assembly on ongoing phospholipid synthesis has been proposed (16) . The specific requirement of the aforementioned two residues of FtsW in the transport of Lipid II and the lack of (headgroup) specificity in the flipping of phospholipids could point to the occurrence of a binding interaction during the translocation of the much more negatively charged Lipid II, whereas this binding interaction is lacking during the exchange of phospholipids between the leaflets of the membrane. Hence, it is conceivable that FtsW is a specific transporter of Lipid II and that the transport of phospholipids occurs via a different mechanism not necessarily involving TM4. How FtsW mediates the transport of phospholipids remains as yet unclear. It is possible that this process occurs according to the model proposed hitherto by Kol et al. (21) . In this model, the highly dynamic nature of the TMs of the membrane protein could disturb the structure of the bilayer at the protein-lipid interface, enabling phospholipids to traverse from one leaflet of the bilayer to the other (21) . In this respect, FtsW could resemble rhodopsin, which was recently reported to facilitate bidirectional transport of phospholipids in disc membranes (22, 23) .
To understand how FtsW could transport Lipid II across the bacterial cytoplasmic membrane, NBD-Lipid II analogues of different sizes were tested. Although the transmembrane transport of analog 3 was allowed, a 274-Da-bigger variant (analog 1) could not be transported by FtsW. Although the size and the structural differences between these two analogues are not substantial, their different effect would suggest that the transporter possesses a porelike structure of limited size through which the passage of Lipid II is achieved. Interestingly, analog 2, which FIGURE 11 . Schematic illustrating that Lipid II transport by FtsW requires restricted size and flexibility of the substrate. FtsW allowed the transport of analog 3, whereas analog 1 that is 247 Da (in molecular mass) bigger than analog 3 could not be transported. This suggests that transport by FtsW possibly occurs through a porelike structure with a limited size. The ability of FtsW to transport analog 2, which is 245 Da larger than analog 1, demonstrates that flexibility of the substrate is important; the presence of the PEG linker in analog 2 (see also Fig. 9 ) makes it more flexible to move between the leaflets of the membrane, whereas analog 1 (deprived of the linker) is more compact. The additional groups in Lipid II analogues are illustrated by pink spheres.
was even 245 Da larger in molecular mass than analog 1, was transported by FtsW. This is probably due to the flexible linker between the Lipid II headgroup and the NBD-labeled and tritylprotected cysteine moiety that would allow sequential passage through FtsW (see also Fig. 11 ). Thus, flexibility is important, which would explain why the pentaglycine bridging peptide found in the cell wall of S. aureus (303 Da) is also transported by FtsW.
Altogether, the present findings imply that FtsW could form a porelike structure through which Lipid II is translocated across the cytoplasmic membrane. How binding and subsequent flipping of Lipid II through this structure may occur is still unclear. Solving the crystal structure of FtsW may shed light on this.
Given the essentiality of Lipid II transport across the bacterial cytoplasmic membrane in cell wall synthesis, compounds that can interfere with this step, by inhibiting FtsW, may prove valuable as antibiotics. Furthermore, FtsW is essential for survival, conserved among almost all eubacteria that synthesizes a cell wall, and has no counterpart in humans. These features, therefore, make FtsW an excellent target for exploration as a potential novel target for broad spectrum antibiotics.
